Background Chemotherapy-induced peripheral neuropathy (CIPN) is a dose-limiting toxicity of several commonly used chemotherapy drugs including taxanes, vinca alkaloids, and platinum compounds. Development of CIPN is highly variable, both in self-reported symptoms and functional consequences, and can be severe enough to alter dose intensity. Purpose To describe the natural histories of both patient-reported symptoms of CIPN and functional impairments in breast cancer patients undergoing taxane-based chemotherapy.
Introduction
Significant progress has been made in breast cancer detection and treatment, with breast cancer patients comprising one of the largest groups of cancer survivors.
However, chemotherapy-induced peripheral neuropathy (CIPN) is a dose-limiting toxicity of several commonly used classes of chemotherapy drugs, including taxanes, vinca alkaloids, and platinum compounds [1] . Peripheral neuropathies have been shown to lead to pain, falls, and difficulty in walking and performing activities of daily living (ADLs) in many different populations including the elderly [2] , diabetics [3] , and cancer patients [4] . CIPN is a common toxicity experienced during and after chemotherapy, impacting up to 60% of patients receiving chemotherapy [5] . Although symptoms improve over time in many patients, full reversibility of symptoms does not always happen, as symptoms persist for at least 6 months in 30% of patients [5] .
Development of CIPN due to chemotherapy is highly variable both in self-reported symptoms and functional consequences [4] . Predictive markers for development of CIPN and effective treatment strategies are not well characterized [6] . Assessing CIPN is commonly performed either through self-reports of functional limitations or laboratory tests of individual nerve function rather than quantitative evaluation of whole-body function. Gait and balance deficits are well known to increase the risk of falls, including a 290% increase in elderly patients [7] . Decreased distal lower extremity strength and loss of sensation, including proprioception, are risk factors for increased falls and balance deficits [8] [9] [10] [11] [12] . Patients who undergo treatment with taxane drugs and/or develop CIPN often present with decreased postural stability [11, [13] [14] [15] [16] [17] [18] . Recent research suggests that CIPN may also be associated with functional impairments during ambulation [19] . Isolated studies of the natural histories of patient-reported outcomes [20] and balance impairments [21] have previously been reported in breast cancer patients undergoing taxane-based chemotherapy; however, little is known about the development of gait impairments in this population or the concomitant development of these varied quality-of-life impairing adverse effects.
The purpose of this study was to describe the natural history of these adverse effects to provide an initial step toward a more comprehensive understanding on how these varied symptoms develop throughout taxane therapy. Our central hypothesis was that cumulative taxane exposure would result in impaired gait and balance as well as selfreported symptoms of CIPN and functional declines in patients undergoing taxane therapy. To test this hypothesis, we evaluated longitudinal changes in objective gait and balance parameters as well as validated patient-reported outcomes in patients undergoing adjuvant/neoadjuvant taxane (paclitaxel or docetaxel) chemotherapy.
Materials and methods

Patients
Thirty-three breast cancer patients (stages I-III) who were initiating taxane-based chemotherapy were enrolled into the study (Table 1) . Patients unable to stand or walk without assistance, having a pre-existing diagnosis of neuropathy of any kind, or having previous exposure to taxane at any time were excluded from the study. Patients who had previous exposure to other chemotherapy or targeted therapy known to be associated with neuropathy (e.g., platinum therapy, bortezomib, vinblastine) within one year of starting in the study were also excluded. Patients with prior exposure to other types of chemotherapy, such as doxorubicin and cyclophosphamide, were allowed. Patients who satisfied the inclusion criteria were enrolled in the study after providing institutional review board-approved informed consent.
Protocol
This study consisted of quantifying longitudinal changes in functional performance (i.e., standing balance and gait) and patient-reported outcomes as patients received taxanebased chemotherapy. Patient balance, gait, and self-reported outcomes were assessed at 5 timepoints: (1) prior to starting chemotherapy to provide a baseline, (2-4) before starting subsequent chemotherapy cycles, and (5) 1-3 months after receiving their last taxane infusion.
Clinical measures
Standing balance
Standing balance tasks were measured in the oncology clinic as previously reported for this patient population [21] . Briefly, 30-s quiet standing trials were performed on a firm surface with eyes closed and collected by trained clinical research coordinators using a custom data collection program and a balance plate (Bertec Corporation; Worthington, OH). We utilized the center of pressure (CoP), the location of the ground reaction force acting on the patients' feet, to characterize postural stability. The root mean squared excursion in the medial-lateral direction (RMS-ml) characterizes the average lateral displacement of the CoP from its mean position during a trial. Higher RMS-ml values have been prospectively associated with increased risk of falling in an elderly population [22] .
Gait
Patients were asked to walk as fast as they could for two 10-m walking trials in a clinic hallway. All trials were recorded at 30 frames per second using an iPod touch (Apple, Inc.; Cupertino, CA). Custom-built timing gates placed 6 meters apart in the middle of the walkway produced signals visible in the video recordings as patients reached each gate, which were used to quantify the time elapsed and steps taken between timing gates. Average step length and walking speed were selected to investigate changes in gait during treatment. Slower walking speed and decreased step length are characteristics of cautious gait and have been previously observed in fall-prone patient populations [23] [24] [25] .
Modified Total Neuropathy Score (mTNS)
The mTNS is a validated tool that was performed by certified physical therapists on a subset of the patients to provide additional assessments of neuropathy symptoms [26] . This assessment includes patient-reported symptoms as well as objective measures administered by physical therapists to test for the presence and severity of deficits in vibration sensitivity, pinprick sensitivity, deep tendon reflexes, and muscle strength associated with peripheral neuropathy. The mTNS scores were left untransformed on its original 0-4 scale. Higher scores on this measure represent worse symptom severity. The EORTC QLQ-CIPN20 instrument is a 20-item questionnaire that assesses sensory (nine items), motor (eight items), and autonomic (three items) system interference. Each item is rated on a 4-point scale regarding the extent to which patients experience a given symptom (1-not at all; 4-very much) [20, 27] . Subscale scores (sensory, motor, autonomic) were transformed to a 0-100 scale, with higher scores indicating high symptom severity. Changes of at least 0.5 standard deviations are defined as being clinically significant [28] .
European Organization for Research and Treatment of Cancer Quality of Life Questionnaire (EORTC QLQ-C30)
The EORTC QLQ-C30 is a 30-item questionnaire that assesses multiple aspects of health-related quality of life [29] . It is a well-validated measure composed of six functional scales (physical, role, emotional, cognitive, social, and global health status/quality of life) and nine symptom scales/items (fatigue, nausea and vomiting, pain, dyspnea, sleep disturbance, appetite loss, constipation, diarrhea, and financial impact). This instrument was used to assess the impact of cancer and its treatments on the patients over time. The two global health/QOL subscale questions are rated 1-very poor to 7-excellent. All other questions are on a scale from 1 to 4 symptom (1-not at all; 4-very much). Scores for the EORTC QLQ-30 were transformed to a 0-100 scale with higher scores on the functional scales corresponding to higher (better) function, while higher scores on the symptom scales corresponding to more severe symptoms.
Brief Pain Inventory-Short Form (BPI-SF)
The BPI-SF was used to assess patient symptoms during the study period. The BPI-SF is valid for use in cancer patients and measures the presence, severity, and interference of pain [30] . BPI-SF scores were linearly transformed to a 0-100 scale. Higher scores represent worse symptom severity. Gait testing and PRO measures for timepoints 1-4 were collected immediately prior to receiving the patients' first (i.e., baseline) and subsequent taxane cycles (i.e., timepoints 2-4). Median time interval between the completion of chemotherapy and the last testing timepoint was 8.7 weeks (range 3.1-18 weeks). All patient data were included on an intent-to-treat basis. Gait and balance assessments took less than 10 min to administer on average. A total of 131 balance and 133 gait tests were included in the statistical analyses.
Statistical analysis
Linear mixed models for repeated measures with patients as random effects, and testing timepoint as the fixed effect, were used to estimate the changes in the various objective (e.g., balance and gait) and patient-reported (e.g., EORTC QLQ-CIPN20) parameters over time. The MIXED procedure in SAS (Version 9.4; SAS Institute Inc.; Cary, NC) was used to address the missing data in our study, assumed to be missing at random. Least squares means and the corresponding contrasts of the fixed time parameters from the mixed models were used to estimate the differences between timepoints. Additionally, Spearman's rank-order correlations were used to test for relationships between RMS-ml and the sensory subscale of the EORTC QLQ-CIPN20 to provide further insight into the relationship between patient physical function and sensory symptoms throughout patients' chemotherapy treatment. The significance level for all statistical tests was set at a = 0.05. Corrections for multiple comparisons were not made due to the exploratory nature of this study.
Results
Five of the 33 accrued patients did not complete the study. Four patients dropped out of the study (n = 3 after completing baseline testing, n = 1 after completing the second timepoint). The stated reasons for dropping out were scheduling and time constraints. One additional patient died from neutropenia complications of chemotherapy before completing the second timepoint. Thirteen patients received physical therapy while enrolled in the study; however, these treatments were largely isolated to upper extremities. Only one patient received physical therapy that involved the lower extremities, which was referred for muscle and joint pain and included two sessions of strengthening exercises for the upper extremities along with the hip and knee.
All patients received taxane-based chemotherapy. Patients were predominantly treated with weekly paclitaxel infusions (n = 18, 55%). Other treatment regimens included dose-dense every 2-week paclitaxel (n = 6, 18%) and docetaxel plus cyclophosphamide (n = 8, 24%), both with pegfilgrastim 24 h after chemotherapy. Planned duration of taxane-based therapy was 12 weeks in all regimens. Six patients had delays and cancelations in their chemotherapy treatment days due to neutropenia (n = 5) or neuropathy (n = 1). Five patients received chemotherapy dose reductions, with one of these as a result of neuropathy symptoms beginning at cycle 4. This patient could not complete her last chemotherapy treatment due to complications of CIPN. Other reasons for dose reductions included diarrhea (n = 1), fatigue (n = 1), and neutropenia (n = 2).
Changes in the primary outcomes compared to baseline values were observed in objective (i.e., balance and gait) and PRO measures with cumulative taxane exposure ( Table 2) . Physical function was negatively impacted by cumulative taxane exposure, which was detected by both objective measures. Previously reported balance changes in this patient population-including increased RMS-ml (mean ± SD, p value for maximum percent change from baseline: 43 ± 61%, p \ 0.001) [21] -were accompanied by decreased step length (4 ± 7%, p = 0.004) and walking speed (5 ± 9%, p = 0.003). PRO measures showed worsened physical functioning on the EORTC QLQ-C30 (7 ± 17%, p = 0.04). Patients also demonstrated worsened sensory (12 ± 12%, p \ 0.001), motor (6 ± 10%, p = 0.02), and autonomic (9 ± 17%, p = 0.01) symptoms with cumulative taxane exposure, as measured by the EORTC QLQ-CIPN20. In addition, patient-reported pain, measured by the BPI-SF, increased with cumulative taxane exposure (83 ± 181%, p = 0.03).
PRO measures generally reflected the objective functional measures (Fig. 1a) , suggesting that cumulative taxane exposure is associated with worsened sensory Step length ( symptoms and poorer postural control. Additionally, there was an association between patients' balance and self-reported sensory symptoms 1-3 months after completing taxane therapy (Spearman's q = -0.51, p = 0.010) (Fig. 1b) . This relationship was not discernible at any of the other study timepoints (p [ 0.05). Exploratory analyses were also performed to investigate potential influences that treatment characteristics may have had on the effect of taxane exposure on patient balance (Fig. 2) . Overall, none of the subgroup analyses (i.e., the effect of prior doxorubicin and cyclophosphamide exposure, pegfilgrastim, or weekly paclitaxel treatment) reached statistical significance.
In addition to the physical function-related parameters, chemotherapy cycle-dependent changes were also observed in specific symptoms (Online Resource 1). The only EORTC QLQ-C30 symptoms that demonstrated significant changes from baseline were increases in the pain (p = 0.03), dyspnea (p = 0.01), and diarrhea (p = 0.04) subscales. Patient-reported fatigue did not change significantly during the study (p [ 0.1). mTNS subscale scores were dominated by patient scores of zero (i.e., no symptoms), which created convergence issues with the statistical model, and subsequently no statistical comparisons are presented. However, cumulative taxane exposure appeared to be associated with an increased number of patients who presented with symptoms (i.e., scores greater than zero) for the sum and sensory symptom subscales of the mTNS instrument (Online Resource 2).
Discussion
Cancer survivors are at an increased risk of falling and the incidence of falling after chemotherapy is a concern for survivors' long-term quality of life [8, 10, 12, 19, 31] . This study aims to provide clinicians with a more comprehensive understanding of the development of adverse effects associated with taxane therapy including the timing of symptom onset during taxane-based chemotherapy. To our knowledge, this is the first study to report concurrent longitudinal changes in objective gait and balance measures, as well as established PROs in cancer patients receiving neurotoxic chemotherapy. Patients demonstrated balance and gait deficits which were reflected in the PRO measures (Table 2 ). These findings provide novel insight into how taxane therapy can impact fundamental aspects of patient function.
The changes observed in objective measures appear to be clinically relevant when compared to deficits previously reported for other fall-prone populations. The balance deficits that generally worsened with additional taxane exposure and persisted 1-3 months after completing chemotherapy exceeded values previously reported for a fall-prone elderly group [22] . Additionally, the decreases in step length and walking speed observed for the fast walking task are recognized as indicators of more cautious gait [25, 32, 33] . The decrease in walking speed associated with taxane therapy in this study appears to be clinically meaningful when considering the significance of similar decreases with respect to survival rate and falls in previous studies on the elderly [23, 34] . Furthermore, it is possible that the deficits in gait parameters may be exaggerated in a more challenging walking environment (e.g., uneven ground), which has previously been observed in elderly patients with peripheral neuropathy [35, 36] . These findings augment previous cross-sectional reports of balance and gait impairments associated with chemotherapy [13, 18] by providing novel insight into the onset and development of these symptoms with cumulative taxane exposure.
Progressive deficits were also observed in PRO measures among patients with cumulative taxane exposure. The changes observed in EORTC QLQ-CIPN20 subscales in 
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CIPN20 Sensory Subscale (0-100 Scale) Fig. 1 Relationship between patient-reported sensory symptoms and objective balance measure throughout taxane therapy for the entire cohort (a) and relationship between individual patients' RMS-ml and the transformed CIPN20 sensory subscale values 1-3 months after completing taxane therapy (b) this study are consistent with those previously reported by Loprinzi et al., where sensory symptoms were reported to worsen more than motor or autonomic symptoms [20] . The increasing severity of sensory symptoms with cumulative taxane exposure in our study was corroborated by an increase in the presence of pain via BPI-SF as well as pinprick sensitivity and patient-reported sensory symptoms via mTNS. The physical functioning subscore of the EORTC QLQ-C30 was the only functional subscale that demonstrated a significant change with taxane treatment. This result indicates that patients reported functional deficits that were also quantified in the objective measures; however, the magnitude of the change from baseline to subsequent timepoints was less than that for objectively measured balance. Furthermore, these changes occurred without concomitant changes in fatigue, suggesting that factors other than fatigue likely contributed to these deficits. The results of this study demonstrate the progression of functional deficits that patients treated with taxane-based chemotherapy may experience; however, future work is needed to establish the underlying mechanisms that drive these functional impairments. While the patient-reported sensory symptoms and decreased pinprick sensitivity may suggest that damage to peripheral somatosensory nerves contributed to these deficits, it is unknown whether previously reported cases of taxane toxicity to optic [37, 38] and/or motor nerves [39] or the central nervous system [40] were also contributors. As these systems are all integral to postural control and physical function, future research is warranted to elucidate contributors to the functional deficits suggested by this study.
While the sizes of the subgroups were too small to power reasonable statistical comparisons between subgroups, these preliminary results may warrant further investigations with sufficient subgroup sample sizes (Fig. 2c-f) . Future work may elucidate the role that dosedense paclitaxel or docetaxel plus cyclophosphamide therapy as well as pegfilgrastim have with respect to the onset of balance deficits. In addition to the small subgroup sample sizes, it is difficult to gain insight into the specific nature of the contributions from each treatment characteristic in the current study because the patients comprising 'non-weekly paclitaxel' and 'pegfilgrastim' subgroups in this study nearly completely overlapped.
Additionally, this study provides initial support for the feasibility and potential utility of implementing objective measures of physical function into the oncology clinic. All tests were administered by trained clinical research coordinators in the clinic while patients waited for their chemotherapy infusion appointments. The comparatively large changes in balance parameters suggest that tracking patient balance may provide an objective measure to detect changes early in treatment. The utility of including an objective measure in clinical assessments of CIPN is supported by Nudelman et al., who suggested that the changes to cerebral structures associated with developing CIPN may increase the risk of patients to underreport symptoms on patient-reported outcomes [40] . By including an objective measure of patient function, clinicians may be better able to detect CIPN symptoms compared to relying solely on patient-reported measures. Functional measures, such as those described here, may also aid oncology rehabilitation clinics in reducing patients' long-term increases in risk of falling by enabling therapists to establish objective goals for patients' rehabilitation. This study provides new insight into the natural history of functional deficiencies in breast cancer patients being treated with taxane-based chemotherapy; however, several limitations exist. Larger samples are needed to validate the current results and adequately establish how these relationships may differ between individuals with different characteristics (e.g., diabetes, elderly, chemotherapy regimen, etc.). However, the sample size of 33 patients enabled us to establish a starting point for understanding the concomitant changes associated with taxane treatment and for demonstrating the utility of objective measures of wholebody function measures in the oncology clinic. Additionally, future studies of the same nature could be strengthened by extending follow-up visits beyond 1-3 months to gain insight into the extent to which patients spontaneously recover from the deficits presented here. Finally, this study focused on one cancer type being treated with a single class of neurotoxic chemotherapy drug. Additional research is needed to understand the extent to which these results translate to patients of other cancer types being treated with different chemotherapy agents. Further research is also needed to validate the methods described here for clinical use.
Conclusion
In summary, the results of this longitudinal study demonstrated clinically relevant problems in both CIPN symptoms and patient function that were associated with cumulative taxane treatment. Taxane therapy was associated with negative changes in both objective, whole-body measures of patient function and patient-reported outcomes. These findings provide initial insight into the natural histories and severities of gait and balance impairments as well as their relationships with common patient-reported symptoms.
